Computed tomography (CT)-guided percutaneous core needle biopsy (PCNB) of the lung is a widely accepted and frequently performed interventional radiological procedure for the diagnosis of various pulmonary lesions. Common complications are usually mild and self-limited; however, air embolism is an extremely rare but potentially fatal complication. This study reports a case of fatal air embolism in the coronary and spinal arteries that resulted from a complex CT-guided PCNB of the lung. The present case suggests that multiple precautions may not eliminate the risk of the fatal air embolism resulting from the procedure of CT-guided PCNB. Prompt recognition and urgent resuscitation are crucial for initial stabilization, allowing subsequent diagnostic confirmation and appropriate treatment. The common characteristics of symptomatic air embolism, based on the case reported and a review of the literature, are summarized in the present study in order to provide recommendations for clinical practice.
Introduction
Computed tomography (CT)-guided percutaneous core needle biopsy (PCNB) of the lung is a widely accepted and frequently used interventional radiological procedure that aims to diagnose pulmonary pathological conditions. Common complications include pneumothorax and pulmonary hemorrhage, both of which are known to be generally self-resolving with no clinical intervention required. Air embolism is a potentially life-threatening but extremely rare complication, with an estimated incidence of 0.02-0.06% (1,2); however, the incidence of air embolism is considered to be underestimated due to undiagnosed asymptomatic patients (3) (4) (5) . The present study reports a case of air embolism in the coronary and spinal arteries, which, following a CT-guided PCNB of the lung, resulted in sudden mortality. In addition, a summary of the most common characteristics of symptomatic air embolism, based on the present case and a review of the literature, is presented in this study.
Case report
A 53-year-old woman visited the Second Affiliated Hospital of Dalian Medical University (Dalian, China), with a 15-day history of a productive cough. No indications of previous abnormalities were identified in the patient's history. Chest CT-scan results showed multiple nodular and flake-shaped lesions in both lungs. It was recommended that the patient be referred for a CT-guided PCNB of the lung for pulmonary histopathological diagnosis. Prior to the procedure, the patient was fully informed about all the details of the procedure and subsequently signed a written consent form. The following examinations were performed: Blood pressure, electrocardiogram, blood cell count and coagulation function tests, including activated partial thromboplastin and prothrombin time tests. All results were found to be within the normal ranges.
The CT-guided PCNB procedure was performed by a radiologist with 11 years of experience with PCNB. A 17-gauge introducer needle and an 18-gauge cutting biopsy needle (length, 13 cm; TSK Laboratory, Tochigi, Japan) were selected for the procedure. During the procedure, the patient was placed in a prone position and instructed to hold her breath when required. Prior to biopsy, a CT scan of the thorax was performed using a Siemens Somaton Volume Zoom CT scanner (Siemens, Inc., Erlangen, Germany) with an 8-mm slice thickness and 8-mm intervals to determine the flake-shaped lesion in the left lower lobe adjacent to the chest wall as the target of biopsy.
Once the patient had been moved into the CT gantry and placed in the desired position, the needle entry site was marked with indelible ink and radiopaque locators using a gantry laser alignment light. A brief CT scan was repeated at a position 2 cm above and 2 cm below the selected slice during suspended respiration. Based on these images, the appropriate table position and needle trajectories were selected.
The biopsy procedure was conducted as follows: Following the administration of local anesthesia via an injection of 2% lidocaine, a 17-gauge introducer needle was inserted into the prepped skin until the tip of the needle had reached the parietal pleura. Under CT guidance, the introducer needle was then advanced with a single motion along the planned trajectory to the prescribed depth required to reach the surface of the lesion. A CT scan was subsequently obtained to confirm the position of the needle tip (Fig. 1) . Once the needle tip position had been confirmed, the internal stylet was removed and immediately replaced by the biopsy needle, which was advanced into the lesion for specimen procurement. Once the sample was obtained, the biopsy needle was removed and immediately replaced by the stylet of the introducer needle. Specimen acquisition was repeated twice and three core biopsy samples were obtained in total; the samples were then fixed in 10% neutral buffered formalin. Finally, the introducer needle was removed. During the procedure, the patient remained immobile on the CT table, did not cough and held her breath following moderate expiration, as instructed.
Following the withdrawal of the needle, the patient exhibited mild cough and hemoptysis. A postprocedural CT scan of the entire thorax was performed, and a small pneumothorax was observed (Fig. 2) . Following the removal of the patient from the gantry, the radiologist noted that the patient was unresponsive and the pulse of the carotid artery was not palpable. Although immediate cardiopulmonary resuscitation (CPR) was performed with 100% oxygen (O 2 ) administration through a respirator, the patient could not be revived and succumbed on the CT table ~1 h after the biopsy. A review of the postprocedural CT images revealed a considerable volume of air in the descending aorta and left ventricle and a smaller volume in the coronary and spinal arteries (Figs. 2 and 3). These findings led to the diagnosis of air embolism of the left ventricle and systemic arterial circulation. Histopathology of the obtained specimen revealed inflammatory lesions.
Discussion
CT-guided PCNB is a well-established and minimally invasive procedure for the diagnosis of indeterminate pulmonary lesions. Cases of air embolism as a complication of CT-guided PCNB are extremely rare, but also life-threatening (1,2); however, the incidence rate of air embolism is believed to have been underestimated due to undiagnosed asymptomatic cases. Single-institutional, retrospective, observational studies based on the evaluation of CT scan images have suggested a higher incidence (3-5). Hiraki et al (3) found four cases of air embolism among 1,010 CT-guided lung biopsies based on postprocedural CT scans of the entire thorax, which gave an incidence rate of 0.4%. Ibukuro et al (4) estimated an incidence rate of 0.21%, based on a retrospective review of 1,400 CT-guided lung biopsies. Of note, Freund et al (5) showed that the radiological incidence of systemic air embolism complicating PCNB was 3.8%, whereas the clinically apparent incidence was 0.49%. The finding that the radiological incidence rate of air embolism is considerably higher than the clinically apparent incidence rate indicates that asymptomatic cases can lead to an overall underdiagnosis of this complication. Despite this higher radiological incidence rate, however, air embolism remains a relatively rare occurrence.
The present study described a case of fatal air embolism in the coronary and spinal arteries, which occurred immediately after a CT-guided PCNB of the lung. The patient was the first case of systemic air embolism among 1,100 lung biopsies performed over an 11-year time span, since CT-guided PCNB was introduced at the Second Affiliated Hospital of Dalian Medical University. To the best of our knowledge, this is also the first case of CT scan-confirmed air embolism in the spinal artery.
Despite the uncommonness of air embolism, its consequences can potentially be fatal; the occurrence of systemic air embolism can cause a rapid deterioration of the patient's cardiac and/or neurological condition, and requires prompt management and specialized treatment (5) . The clinical manifestations of air embolism vary, depending on the exact location of the arterial embolus and the volume of air disseminated into the vessels. Once air enters the systemic circulation, it is distributed to respective arterial end beds. The systems most vulnerable to end-arterial occlusion by these bubbles are the cerebral and coronary circulation systems, which are sometimes affected simultaneously (3, 5) . Even if only a small volume of air enters the systemic arterial circulation, functional end arteries can be occluded by air bubbles. An experimental study has demonstrated that 2 ml air directly injected into the cerebral circulation is sufficient to have a fatal effect, and that 0.5-1.0 ml air injected into the coronary artery can lead to cardiac arrest (6) . The patient of the present study suffered sudden cardiac arrest and immediate loss of consciousness following the lung biopsy. According to the postprocedural chest CT-scan images, we propose that cardiac arrest as a result of coronary air embolism directly led to neurological lesions, due to potential spinal artery embolism, and then sudden mortality; however, the possibility of air embolisms in the cerebral circulation cannot be excluded without confirmation by a brain CT scan. Despite promptly providing CPR with 100% O 2 administration, the severity of the condition did not allow further diagnosis or definitive therapy.
Due to the frequent performance of CT-guided PCNB of the lung, case reports of air embolisms complicating the procedure have been increasing in number. The characteristics of symptomatic air embolism, based on the present and previously reported cases, are summarized in the following section (3, (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . In the majority of cases, the clinical symptoms of air embolism occur either during or immediately following needle biopsy. Shi et al (23) , however, reported a case with a delayed onset (6 h after the procedure). Subjects with symptomatic air embolism usually present with a rapid deterioration of cardiac and/or cerebral status, which can result in sudden mortality. The occurrence of air embolism appears to have no association with the size of the biopsy needle (17-gauge to 23-gauge) or the biopsy methods, such as fine needle aspiration, needle core biopsy, automated core biopsy and coaxial needle biopsy. Air embolism has occurred when patients have suspended respiration during eupnea and at the end of inhalation or expiration. In these symptomatic cases, the lesions that underwent biopsy ranged from peripheral to hilar lesions, and the pulmonary parenchyma was penetrated at a needle depth of 0.5-6.3 cm (3). Pulmonary lesions included diffuse, ground-glass opacities, cystic lesions, solid masses and benign and malignant tumors.
The mechanism of air embolism complicating needle lung biopsy remains unclear, even following autopsy (20) ; however, a number of hypotheses have been proposed regarding possible pathways whereby air is introduced into the systemic circulation during a needle biopsy of the lung (9,10). First, air may directly enter the pulmonary vein through the needle when the tip of the biopsy needle is lodged in a pulmonary vein and communicates between the pulmonary vein and the atmosphere when the inner stylet is removed and the atmospheric pressure exceeds the pulmonary venous pressure. Secondly, when a needle simultaneously traverses the alveolus and the pulmonary artery, air can access the pulmonary arterial system and reach the pulmonary venous circulation by traversing the pulmonary microvasculature. Thirdly, bronchial-venous or alveolar-venous fistulas may develop when a needle simultaneously traverses an air-containing space (e.g., alveolar, bronchus, cavitary or cystic lesion) and adjacent pulmonary vein, allowing air to enter the pulmonary vein when the patient coughs or the Valsalva maneuver is performed, both of which can increase airway pressure beyond pulmonary venous pressure. Cases of air embolism without any obvious triggers (e.g. cough, Valsalva maneuver and positive pressure ventilation) may be associated with a quiet expiration that forwards air into the pulmonary vein. In the present study, it appeared improbable that air had entered the pulmonary vein directly through the needle, since the hollow of the needle was kept occluded at all times and the patient suspended respiration as instructed during the biopsy. Considering the rapid deterioration of the patient's condition and the large volume of air detected in the systemic circulation by CT scan, we hypothesized that the formation of an alveolar-venous or bronchial-venous fistula was the most probable cause of air embolism.
Studies have indicated that pathological pulmonary abnormalities may predispose a patient to an increased risk of air embolism (12, 24) . It is believed that, following lung biopsy and needle withdrawal, a large number of alveolar-venous or bronchial-venous fistulas can develop along the needle trajectory. During vascular injury, the walls of small vessels usually retract, adhere spontaneously and become sealed. Extravasated and then coagulated blood may promote extravascular tamponade, which can prevent air in the alveoli or bronchi from entering the vein; however, pathological pulmonary abnormalities, such as inflammation, forms of vasculitis, e.g. Wegener's granulomatosis, and interstitial disease, which are risk factors of air embolism, may interfere with the healing process and result in prolonged exposure of the vessel lumen to the airway (3, 24) . Ghafoori and Varedi (11) presumed that an increased probability of air embolism could be associated with the size of the needle and the coaxial techniques. It has been suggested that larger gauge needles are associated with an increased risk of involving the pulmonary vein and coaxial system, which, following the removal of the internal stylet, is associated with an increased risk of contact with the atmosphere. This postulation, however, is controversial, since a case of systemic air embolism that used fine needles and did not involve the coaxial method has been reported (21) .
Identifying the risk factors for air embolism and understanding their mechanisms will facilitate the development and implementation of adequate preventive measures prior to and during biopsy. Several precautionary measures have been proposed in order to minimize the risk of air embolism, such as avoiding biopsy through cystic or cavitary lesions or bullae, using a stylet to keep the needle closed airtight throughout the procedure, instructing the patient to suspend breathing during manipulation of the biopsy needle and minimizing the amount of aerated lung tissue penetrated while attempting to reach the lesion (12, 22) .
In the present case, the clinical suspicion of systemic air embolism was based on the initial clinical manifestation: A rapid deterioration of the neurological/cardiovascular status. The postprocedural CT scan of the entire thorax, rather than just the target area of the biopsy, was essential in order to provide a definitive diagnosis and to detect evidence of air density in the pulmonary vein, left atrium and ventricle and systemic circulation (7) . We propose that a CT scan of the brain be considered whenever manifestations of cerebral abnormalities occur during or following lung biopsy.
When a patient exhibits any suspicious symptoms of air embolism during biopsy, the needle has to be instantly removed. In such a case, it is recommended that the patient is placed in either the right lateral decubitus or Trendelenburg position, which can prevent air from entering the systemic circulation from the left ventricle, with immediate administration of 100% O 2 (25) . Prompt CPR is necessary for a patient with a potentially fatal air embolism, and the stabilization of vital signs is the primary goal of treatment. In addition, hyperbaric O 2 therapy is a definitive therapy for systemic air embolism and has been demonstrated to improve survival rate and neurological recovery. This therapy should be administered as soon as initial stabilization has been achieved (8, 12) .
In the present case, a fatal air embolism complicating CT-guided lung biopsy occurred, despite the proximity of the lesion that underwent biopsy to the chest wall. During the procedure, the patient did not cough and was instructed to suspend breathing when required. The biopsy was performed by an experienced radiologist. Although previous studies have made certain recommendations and proposed certain precautions that could contribute to the reduction of the risk of air embolism, none of these proposals has succeeded in completely removing the risks. In order to achieve optimal outcomes for the patient, prompt recognition and urgent resuscitation are crucial for initial stabilization, following which a diagnostic confirmation can be made and definite treatments can be initiated. Standardized protocols for the early recognition and management of this rare but life-threatening complication should be developed.
